Homologous recombination repair of damaged replication forks and double-strand breaks can lead to the formation of Holliday junctions (HJs). These four-way DNA structures must be resolved to allow chromosome segregation during anaphase. Whereas the canonical bacterial HJ resolvase RuvC strongly prefers to process HJs, all three known eukaryotic nuclear HJ resolvases, Mus81-Eme1 Mms4 , GEN1 Yen1 and Slx1-Slx4, efficiently process in vitro a variety of DNA structures that contain junctions between single-stranded and double-stranded DNA [1] [2] [3] [4] [5] [6] [7] . Given the multiplicity of DNA-repair and recombination mechanisms that can generate these substrates, nuclear HJ resolvases must be tightly regulated in vivo 8, 9 . HJ resolution activity is particularly important in the absence of Bloom (BLM)-related helicases, which are proposed to dissolve double HJs in a nonendonucleolytic process that prevents sister-chromatid exchange [10] [11] [12] . In the absence of BLM-related helicases, HJ resolvases are essential for viability 1, 11, [13] [14] [15] [16] , but this comes at the expense of an increased risk of genomic instability and loss of heterozygosity due to crossovers. Thus, although crossovers are required for proper chromosome segregation and promoting genetic variation during meiosis, HJ-resolving enzymes in vegetative cells need to be kept under tight control so that HJs are preferentially processed by BLM-related helicases. It was recently shown that Saccharomyces cerevisiae Mus81-Mms4 Eme1 is activated during the G2-M transition through phosphorylation of Mms4 Eme1 by Cdc5 PLK1 kinase 17, 18 . This regulation may act as a fail-safe mechanism to ensure resolution of HJs formed by the occasional spontaneous collapse of replication forks. However, it is unclear whether Mus81-Eme1 is independently activated in response to DNA lesions caused by external DNA-damaging agents or by the accumulation of HJs in mitotic cells lacking functional BLM-related helicases. To gain insight into this fundamental question, we investigated the importance of regulating Mus81-Eme1 in the absence of BLM-related helicases in the fission yeast Schizosaccharomyces pombe, where Mus81-Eme1 is the primary HJ resolvase and Rqh1 the major BLM-related helicase.
a r t i c l e s
Homologous recombination repair of damaged replication forks and double-strand breaks can lead to the formation of Holliday junctions (HJs). These four-way DNA structures must be resolved to allow chromosome segregation during anaphase. Whereas the canonical bacterial HJ resolvase RuvC strongly prefers to process HJs, all three known eukaryotic nuclear HJ resolvases, Mus81-Eme1 Mms4 , GEN1 Yen1 and Slx1-Slx4, efficiently process in vitro a variety of DNA structures that contain junctions between single-stranded and double-stranded DNA [1] [2] [3] [4] [5] [6] [7] . Given the multiplicity of DNA-repair and recombination mechanisms that can generate these substrates, nuclear HJ resolvases must be tightly regulated in vivo 8, 9 . HJ resolution activity is particularly important in the absence of Bloom (BLM)-related helicases, which are proposed to dissolve double HJs in a nonendonucleolytic process that prevents sister-chromatid exchange [10] [11] [12] . In the absence of BLM-related helicases, HJ resolvases are essential for viability 1, 11, [13] [14] [15] [16] , but this comes at the expense of an increased risk of genomic instability and loss of heterozygosity due to crossovers. Thus, although crossovers are required for proper chromosome segregation and promoting genetic variation during meiosis, HJ-resolving enzymes in vegetative cells need to be kept under tight control so that HJs are preferentially processed by BLM-related helicases. It was recently shown that Saccharomyces cerevisiae Mus81-Mms4 Eme1 is activated during the G2-M transition through phosphorylation of Mms4 Eme1 by Cdc5 PLK1 kinase 17, 18 . This regulation may act as a fail-safe mechanism to ensure resolution of HJs formed by the occasional spontaneous collapse of replication forks. However, it is unclear whether Mus81-Eme1 is independently activated in response to DNA lesions caused by external DNA-damaging agents or by the accumulation of HJs in mitotic cells lacking functional BLM-related helicases. To gain insight into this fundamental question, we investigated the importance of regulating Mus81-Eme1 in the absence of BLM-related helicases in the fission yeast Schizosaccharomyces pombe, where Mus81-Eme1 is the primary HJ resolvase and Rqh1 the major BLM-related helicase.
RESULTS

Stimulation of Mus81-Eme1 in response to DNA damage
To determine whether Mus81-Eme1 is regulated in response to DNA damage, we first assessed whether Eme1 undergoes post-translational modifications in cells lacking Rqh1 or in response to treatment with camptothecin (CPT), which is a prototypical DNA topoisomerase I inhibitor with antitumor activity. Mus81-Eme1 is essential for viability in both situations 13, 19 . A strong phosphatase-sensitive mobility shift of Eme1 was observed by SDS-PAGE following CPT treatment of both wild-type and rqh1∆ cells (Fig. 1a,b) . This phosphorylation of Eme1 was notable because CPT treatment triggers a checkpoint arrest in G2 phase before activation of Plo1 PLK1 kinase, and thus the CPT-induced phosphorylation of Eme1 probably involves other protein kinases. A pool of Eme1 was also hyperphosphorylated in nontreated rqh1∆ cells, probably owing to the high rate of spontaneous DNA damage that results from the loss of Rqh1. This DNA damage-induced hyperphosphorylation of Eme1 markedly increased the in vitro HJ-resolvase activity of the partially affinity-purified Mus81-Eme1 complex as well as its ability to process other secondary DNA structures (Fig. 1c,d and Supplementary Fig. 1a,b) .
a r t i c l e s
Use of a nuclease-dead mus81 DD strain confirmed that all cuts were Mus81-Eme1 dependent (Supplementary Fig. 1c ). These data suggest that DNA damage activates Mus81-Eme1 by a mechanism that might involve Eme1 hyperphosphorylation.
CPT causes replication-fork regression 20 and collapse 21 , leading to activation of the checkpoint kinase Chk1 by the ATM-related (ATR) checkpoint kinase ortholog Rad3 (ref. 22) . Whereas hyperphosphorylation of Eme1 was observed in the absence of the replication checkpoint kinase Cds1, deletion of the Chk1 DNA-damage checkpoint kinase strongly diminished CPT-induced hyperphosphorylation of Eme1 (Fig. 2a) . Elimination of Chk1 also reduced the constitutive hyperphosphorylation of Eme1 observed in nontreated rqh1∆ cells, which confirms that accumulation of DNA damage in the absence of Rqh1 leads to Chk1-dependent phosphorylation of Eme1 (Fig. 2b) . DNA damage-induced hyperphosphorylation of Eme1 was also abolished when the Chk1-activation factors Rad3 ATR and Crb2 were deleted (Fig. 2a) . The phosphorylation pattern of Eme1 was analyzed by tandem MS to identify phosphorylated sites. Six serine residues were identified within an N-terminal domain of Eme1 (Supplementary Fig. 1d ) that is essential for its in vivo functions but dispensable for the basal catalytic activity of the complex in vitro (P.-M.D., S.S. and P.-H.L.G., unpublished data). Mutating all six residues to alanine abolished CPT-induced phosphorylation of the resulting Eme1 6SA mutant protein and prevented stimulation of HJ resolution by Mus81-Eme1 ( Fig. 2c and Supplementary Fig. 1e) . Stimulation of Mus81-Eme1 following CPT treatment was also abolished in a rad3∆ mutant (Supplementary Fig. 1e ), which confirmed that Mus81-Eme1 is stimulated in response to DNA damage through phosphorylation of Eme1. Five of the six serines were in CDK consensus sites (Supplementary Fig. 1d ), which suggests that Eme1 phosphorylation might also be cell-cycle regulated in a CDK-dependent manner. DNA damage-independent phosphorylation of Eme1 was further suggested by the increased mobility of Eme1 from untreated cells following incubation with λ phosphatase (Fig. 1b) .
CDK-mediated phosphorylation of Eme1 in G2
Using 'block and release' of a temperature-sensitive cdc25-22 strain to synchronize cells in late G2 and follow Eme1 phosphorylation throughout the cell cycle, we observed that fission yeast Eme1 undergoes cell cycle-dependent phosphorylation, with hyperphosphorylation in G2 and M followed by a dip during S phase (Fig. 3a) . Notably, cell cycle-dependent phosphorylation of Eme1 was not abolished in a cdc25-22 rad3∆ mutant, which indicates that Eme1 undergoes cell cycle-regulated phosphorylation independently of the DNA damageinduced Rad3 ATR -mediated phosphorylation described above (Fig. 3b) . Using a chromatin fractionation assay 23 , we found that both Eme1 and Eme1 6SA were tightly associated with chromatin throughout the cell cycle, which indicates that cell cycle-controlled phosphorylation of Eme1 does not modulate its bulk chromatin association (Supplementary Fig. 2 ).
To confirm that Eme1 undergoes Cdc2 CDK1 -dependent phosphorylation, we compared the phosphorylation pattern of Eme1 in a Cdc2 analog-sensitive (cdc2 as ) mutant strain in the presence or absence of the ATP analog NmPP1 (ref. 24) . When cells were synchronized in early S phase with 12 mM hydroxyurea for 4 h and released in fresh medium in the presence or absence of NmPP1, the increase of Eme1 phosphorylation observed upon entry into G2 was abolished in the presence of NmPP1 (Fig. 3c) , which confirms that Eme1 undergoes Cdc2 CDK1 -dependent phosphorylation during G2 when Cdc2 CDK1 has a moderate level of activity 25 . This cell cycle-regulated phosphorylation of Eme1 in G2 did not require the Cdc5 PLK1 ortholog Plo1, in contrast to Mms4 Eme1 phosphorylation in S. cerevisiae 17, 18 (Supplementary Fig. 3 ).
CDK primes Eme1 for phosphorylation after DNA damage
To determine whether DNA damage-induced phosphorylation of Eme1 mediated by Rad3 ATR may operate in a Cdc2 CDK1 -dependent way as described for the checkpoint mediator Crb2 (refs. 26,27), we first npg a r t i c l e s generated an eme1 4SA mutant strain where only CDK-consensus target sites are mutated ( Supplementary Fig. 1d ). Eme1 4SA was no longer hyperphosphorylated in response to CPT, and the HJ-resolvase activity of the resulting Mus81-Eme1 4SA complex was no longer stimulated ( Fig. 4a) . These data suggest that Cdc2 CDK1 -dependent phosphorylation of Eme1 is a prerequisite for the DNA damage-induced activation of Mus81-Eme1 HJ resolvase. The possibility remained that CPTinduced hyperphosphorylation of Eme1 resulted from DNA-damage checkpoint-dependent cell-cycle arrest in late G2, in which Eme1 is hyperphosphorylated. To rule this out, we tested whether activation of the DNA-damage checkpoint in cells already arrested in G2 induced further phosphorylation of CDK-phosphorylated Eme1. Activation of the DNA-damage checkpoint following CPT treatment of fission yeast requires ongoing DNA replication 22 . Therefore, to activate the DNA-damage checkpoint of G2-arrested cells and assess whether Eme1 underwent additional DNA damage-induced phosphorylation, cdc25-22 cells synchronized in late G2 at 36 °C were treated with the radiomimetic agent bleomycin. Notably, bleomycin treatment induced a strong Chk1-dependent mobility shift of Eme1 that was abolished in eme1 6SA and eme1 4SA mutant cells, confirming that DNA damage-induced phosphorylation of Eme1 is not limited to topoisomerase inhibition ( Fig. 4b-d) . Also of note, bleomycin induced an additional mobility shift of Eme1 in cdc25-22 cells that had been first arrested in G2 at 36 °C (Fig. 4d) . Taken together, our results show that Eme1 undergoes two phosphorylation events, with a first CDK-dependent phosphorylation that is needed for secondary DNA-damage checkpoint-mediated phosphorylation following DNA damage.
Dual control of Mus81-Eme1 necessary in absence of Rqh1 BLM
Considering that cells lacking Rqh1 BLM rely on the Mus81-Eme1 HJ resolvase for survival 1 , we anticipated that Cdc2 CDK1 -and Rad3 ATRdependent phosphorylation of Eme1 would be crucial in these cells. This prediction was confirmed by the synergistic growth defect caused by introducing the eme1 6SA and eme1 4SA mutations in the rqh1∆ background (Fig. 5a-c) . This relationship contrasts with elimination of Cdc5 PLK1 sites in S. cerevisiae Mms4, which in the absence of exogenous DNA-damaging agents has no impact on the viability of cells lacking Sgs1 Rqh1 DNA helicase or Yen1 HJ resolvase 18 . Notably, the eme1 6SA and eme1 4SA mutants were insensitive to CPT and bleomycin, contrasting with the acute hypersensitivity of the eme1∆ mutant ( Fig. 5c and Supplementary Fig. 4a ). To our knowledge, these are the first Mus81-Eme1 separation-of-function mutants that lack functions essential only in the absence of Rqh1. The acute CPT and bleomycin No drug resolution npg a r t i c l e s sensitivity of the eme1 6SA rqh1∆ double mutant compared to an rqh1∆ mutant ( Fig. 5c and Supplementary Fig. 4a ) suggests that stimulation of Mus81-Eme1 is also required to process HJs that accumulate in the absence of Rqh1 following exogenously induced DNA damage.
To test this assumption, we assessed whether the sensitivity to CPT of the eme1 6SA rqh1∆ double mutant could be rescued by overproducing the bacterial RusA resolvase. Wild-type RusA, but not a catalytically inactive mutant that lacks HJ-resolvase activity, substantially rescued the CPT sensitivity of an eme1 6SA rqh1∆ mutant (Fig. 5d) . This genetic suppression contrasts with the inability of RusA to rescue the CPT sensitivity of an rqh1∆ single mutant 19 . In fact, high expression of active RusA slows growth in an rqh1∆ mutant ( Supplementary  Fig. 4b ). This result supports the proposal that HJ resolvases must be properly regulated to ensure robust growth.
Gross chromosomal rearrangements in eme1 6SA rqh1∆ mutants BLM-related helicases are required to maintain the integrity of specific genomic loci such as the rDNA tandem repeats 6, 28 . These rDNA repeats are located at both ends of chromosome III in fission yeast. To assess whether Cdc2 CDK1 -and Rad3 ATR -mediated activation of Mus81-Eme1 is required for stability of the rDNA loci in the absence of Rqh1, we used pulsed-field gel electrophoresis (PFGE) to examine the chromosome structure in eme1 6SA rqh1∆ double mutants (Fig. 6a) . Whereas chromosomes I and II appeared normal, a pronounced plasticity of chromosome III (ChrIII) was observed in the eme1 6SA rqh1∆ clones we tested, with some clones containing two ChrIII copies of distinct sizes ( Fig. 6a and Supplementary  Fig. 5 ). An rDNA probe confirmed that the sizes of the rDNA loci were highly variable in (G2 phase) npg a r t i c l e s eme1 6SA rqh1∆ cells (Supplementary Fig. 5 ). We also noticed that in strains containing two ChrIIIs, the smaller chromosome contained in some cases as much rDNA as the larger ChrIII, which indicates that it was missing non-rDNA regions compared to the larger chromosome. To confirm this, we used comparative genomic hybridization (CGH) to compare the genome of an eme1 6SA rqh1∆ clone with two ChrIIIs to that of a wild-type strain. This analysis established that the eme1 6SA rqh1∆ clone tested is disomic for ChrIII and showed that the smallest chromosome is lacking a large portion of its right arm (Fig. 6b) . CGH analysis of other disomic eme1 6SA rqh1∆ clones indicated that the breakpoint was different from clone to clone. Taken together, our results confirm that Cdc2 CDK1 -and DNA-damage checkpoint-dependent phosphorylation of Eme1 is essential for chromosome stability in the absence of the BLM-related helicase Rqh1.
DISCUSSION
Structure-specific DNA endonucleases are crucial for the repair of many types of DNA lesions, but it has remained unclear whether their activities are regulated in response to DNA damage. Here, we have found that Mus81-Eme1 activity markedly increases in cells treated with CPT, a drug that causes replication-fork collapse. Unexpectedly, this regulation relies on both cell cycle-driven phosphorylation of Eme1 by Cdc2 CDK1 and Rad3 ATR -dependent DNA damage-induced phosphorylation. Cdc2 CDK1 -dependent phosphorylation of Eme1 in G2 primes Mus81-Eme1 for Rad3 ATR -dependent catalytic stimulation in response to DNA damage. We propose that this mechanism ensures rapid activation of Mus81-Eme1 in response to DNA damage specifically in G2, thereby guaranteeing that HJs that have eluded processing by Rqh1 BLM are resolved before the onset of mitosis. This DNA damage-induced activation of Mus81-Eme1 differs from the Cdc5 PLK1 -mediated activation of Mus81-Mms4 Eme1 that occurs during the merged G2-M phase in budding yeast 17, 18 . Unlike budding yeast, fission yeast relies on the Cdc25-Wee1 network to regulate Cdc2 CDK1 and thereby control transition from G2 to M phase. The moderate level of Cdc2 CDK1 activity during G2 primes Mus81-Eme1 for activation in response to high levels of DNA damage (Fig. 6c) . We further propose that this mechanism ensures that Mus81-Eme1 activity is maintained at a low basal level except when its function is critical, thereby minimizing the possibility that it will create genomedestabilizing lesions when its activity is not needed. The potential for genome-destabilizing DNA cleavages by Mus81-Eme1 has been highlighted in several studies [29] [30] [31] [32] . Our phosphomutant studies indicate that activation of Mus81-Eme1 is crucial in the absence of the Rqh1 BLM helicase. Phosphorylation of Eme1 in rqh1∆ cells is required to prevent gross chromosomal rearrangements even in the absence of any exogenously induced DNA damage (Fig. 6) . In contrast, loss of Cdc5 PLK1 -mediated phosphorylation of Mms4 has no impact on the viability of sgs1∆ and sgs1∆ yen1∆ mutants unless they are also treated with DNA-damaging agents 18 . To our knowledge, this is the first report of a separation of function for Mus81-Eme1, in which the essential functions that it fulfills in the absence of Rqh1 have been dissociated from those that it fulfills in response to exogenous genotoxic stress in wild-type cells.
The severe chromosome instability observed when Eme1 can no longer be phosphorylated in response to the endogenous DNA damage that accumulates in the absence of Rqh1 BLM underscores the importance of the adaptive control mechanism of Mus81-Eme1 unraveled in this study. Our PFGE and CGH analyses revealed chromosome rearrangements primarily on ChrIII, with, in some cases, the appearance of disomic cells with two copies of ChrIII. In fission yeast, only ChrIII aneuploidy is viable. Therefore, it is likely that the severe growth-defect phenotype of the eme1 6SA rqh1∆ and eme1 4SA rqh1∆ mutants results from unviable chromosomal rearrangements that also affect the other two chromosomes. We observed no phenotype associated with preventing DNA damage-induced phosphorylation of Eme1 in cells that have functional Rqh1. This contrasts with the growth defect of eme1∆ mutants that have lost Mus81-Eme1 functions and suggests that the Cdc2 CDK1 -and Rad3 ATR -mediated control of Mus81-Eme1 in response to DNA damage acts as a fail-safe mechanism. Recombination structures in wild-type cells are resolved by the nonendonucleolytic activity of Rqh1 BLM helicase (with its associated factors Top III and Rmi1) and the basal endonucleolytic processing activity of Mus81-Eme1. In the absence of Rqh1 BLM , the basal nuclease activity of Mus81-Eme1 is insufficient to cope with the extra burden of unprocessed recombination intermediates, and DNA damage-induced hyperactivation of Mus81-Eme1 becomes necessary to limit chromosome instability. However, we found that overexpression of constitutively active bacterial RusA resolvase impaired the growth of rqh1∆ cells, which indicates the importance of limiting resolvase activity even when it is essential for cell viability. The twoto three-fold activation of Mus81-Eme1 measured in our assays may be sufficient to ensure effective HJ resolution while still minimizing the risk of Mus81-Eme1 creating new DNA lesions by cleaving transient joint DNA molecules. Restricting Mus81-Eme1 activation to G2 phase may increase the probability that double HJs or regressed replication forks are dissolved or reversed by BLM-related helicases, respectively. There is a growing body of evidence that Mus81-Eme1 is subjected to a complex network of regulatory processes. Clearly, further investigations are needed to determine the precise underlying molecular mechanisms and how these processes are coordinated to maintain genome stability.
METHODS
Methods and any associated references are available in the online version of the paper. Standard fission yeast methods were used as described previously 33, 34 .
The eme1 6SA and eme1 4SA phosphorylation mutants were generated as follows. The Eme1 genomic locus from strain PH81 (h+, leu1-32 ura4-D18 TAP:Eme1 Mus81:13Myc-KanMX6), which produces N-terminally TAP-tagged Eme1, was subcloned into a TopoTA vector (Invitrogen). Point mutations were introduced on that TopoTA-EME1 vector by using a Multiprime site-directed mutagenesis kit (Stratagene). Mutations were confirmed by DNA sequencing. The mutated Eme1 genomic locus from the TopoTA-Eme1 vector was used to transform strain PH419, in which the entire EME1 gene is replaced by a URA4 cassette. 5′-FOAresistant clones were selected and confirmed as TAP-Eme1 6SA -or TAP-Eme1 4SA -producing strains by genomic DNA sequencing.
For synchronization of cells by cdc25-22 block and release, cells containing the temperature-sensitive cdc25-22 allele were grown to exponential phase at permissive temperature (25 °C) and shifted at restrictive temperature (36 °C) for 3.5 h to arrest the cell cycle in G2 (ref. 33) . Upon release to permissive temperature (25 °C), the cells synchronously enter the cell cycle. Cells were collected and processed every 20 min. Progression into S phase was monitored microscopically by counting cells that contained septa, the appearance of which correlates with S phase 33 .
For synchronization of cells in Figure 3c , cells containing the cdc2 as allele were grown to exponential phase at 25 °C before addition of 12 mM of hydroxyurea (Sigma-Aldrich) for 4 h to arrest the cells in early S phase. Following extensive washes, cells were released in fresh medium at 25 °C and collected every 20 min. FACS analysis confirmed hydroxyurea-induced early-S-phase arrest and allowed monitoring of cell-cycle progression following release. Cdc2 as was inhibited by addition of 1 µM NmPP1 (Carbosynth).
RusA complementation assays were performed by transforming eme1∆ and rqh1∆ eme1 6SA strains with pREP1-RusA or pREP1-RusA D70N plasmids for overexpression of RusA or the catalytically inactive RusA D70N mutant 1 .
Native and TCA protein extraction and immunoblotting. Cellular lysates were prepared from exponentially growing cell cultures treated or not with camptothecin (Sigma-Aldrich) or bleomycin (Calbiochem). Cells were lysed in lysis buffer 1 by using a Retsch mechanical grinder in the presence of liquid nitrogen. The cellular lysate was clarified and stored at −80 °C. The protein concentration of each sample was determined with a Nanodrop (Thermo-Scientific), and protein amounts were normalized between the different samples.
Denatured cell lysates were prepared by TCA precipitation. Cells were resuspended in 20% TCA and vortexed. Following centrifugation, the TCA precipitate was resuspended in SDS-PAGE loading buffer (Invitrogen) containing Tris base.
Protein extracts were resolved on Tris-acetate 3-8% polyacrylamide NuPAGE gels (Invitrogen). Proteins were transferred to a nitrocellulose Hybond-C membrane (Invitrogen). The membrane was blocked in PBS-T milk 5% and probed by using anti-Flag (Sigma-Aldrich F1804) antibody (1:5,000 dilution).
Nuclease assays. TAP-Eme1 was affinity purified and used in nuclease assays on various DNA substrates as previously described for TAP-Mus81 (refs. 1,2). 32 P-labeled DNA substrates were used in all nuclease assays except in Supplementary Fig 1c where fluorescent Cy5-labeled substrates were used. The HJ substrate used in this study was the X12 mobile HJ.
Pulsed field gel electrophoresis. PFGE of whole chromosomes was performed as previously described 6 . Cells (5 × 10 8 ) were spheroplasted with 0.6 mg ml −1 Zymolyase-100T (Seikagu) at 37 °C for 2 h and resuspended in 1% low-meltingpoint agarose (Sigma) at a concentration of 10 8 cells per plug. Agarose plugs were loaded onto 0.8% agarose gels. PFGE was performed on a BioRad CHEF DR-III system in 1× TAE (40mM Tris-acetate buffer, 2 mM Na 2 EDTA, pH8.3) at 14 °C using the following program: 48h at 2Vcm −1 , 106° angle, 30 min switch time. After electrophoresis, DNA was visualized by ethidium bromide staining, and gels were processed for Southern blotting, which was performed by using an rDNA probe and a Wee1 probe (used as a probe to visualize Chr III).
Comparative genomic hybridization. Agilent S. pombe ChIP-on-CHIP 4 × 44K G8410A Genome Microarrays were used to perform comparative genomic hybridizations. Genomic DNA from strains PH463 and PH466 was prepared by using a Qiagen genomic kit, and DNA was directly labeled by using the Agilent Genomic DNA Enzymatic Labeling Kit (5190-0453). Hybridizations were performed according to Agilent recommendations.
Proteomic identification of Eme1 phosphorylation sites. TAP-Eme1 was affinity purified from WT and cds1∆ cells in the presence of 10 mM hydroxyurea. Western blot analysis showed that Eme1 is hyperphosphorylated to the same extent in CPT-treated and hydroxyurea-treated cds1∆ cells (data not shown).
TCA precipitates were proteolytically digested by Lys-C and trypsin and analyzed by MudPIT on an LTQ mass spectrometer (Thermo Fisher) as previously described 35 . Data were analyzed with the SEQUEST and DTASelect algorithms by using a differential modification search that considered +80 on serine, threonine and tyrosine residues 36 . Sites found with high confidence to be constitutively phosphorylated or phosphorylated in response to DNA damage were further validated by manual inspection.
